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ABSTRACT

A study was made of the Medium-Weight High-Impact
Shock Machine to determine the magnitude, frequencies,
and general characteristics of the shock developed by this
machine under specification operation. A comnarison of
datta is intended to correlate this shock to shipboard shock
experienced in actual combat and to compare the shocks
delivered by other machines of a simnlltr type.

Records were made of the motions on the load and oan
the anvil table for four types of loading, for three distances of
anvil-table travel, and for hammer drops corresponding to
Class A and B tests of standkrd military specifications (9) 3
plus additional blows equivalent to 150 percent of ClaS A
and 50 percent of Class B blows. Both bolt-spacig dis-
tances allowed by the rectangular load dimensions were
test-! for each load weight, resulting in a total of eight
distinct runs.

Relationships between peak measurements of acIceler- S
tion and velocity on the anvil table .1d lPd are shows to
be linearly related to the hammer-impact velocity. Motions
resulting from anvil-table reversal are discussed, and it
is shown that this secondsry shock can be the largest under
certain condition. Theoretical equations of motion are de-
veloped and their correepondenee to esperimental daes
demonstrated. S

PROBLEM STANNIU

Thts is an interim report; work on this problem is con-
finuing.

AUTHORIZATION

NRL Problem 39P03-35R
ADB NS 711-101

MUmsuutipt *tbIltted feo pihblidoient JONG 13. 1311
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CHARACTERM, ICS OF NAVY lMED]IM-WEIl "IT
IIGH-IMPACT SHOCK MACHINE

INTRODUCTION
t

The importance of protecting naval shipboard equipment from damage count. I by
near misses, noncontact explosions, concussion from the ship's own guns, an well an
damage from direct hits in adjacent spaces was recognized shortly after the close of
World War I. Since then, technical advances in weapons and missiles, and increased
reliance on delicate, complex equipment has made the shock-protection program of vital

- •Interest to the Nivy. Numerous shock and vibration machinea have been constructed to
simulate, in the laboratory, the type and magnitude of shock motions encountered under
combat conditions. These machines then served as a basis of acceptability for numerous
shipboard equipments and were also used to point out inherent design weaknesses.

* Considerable study has been made recently of the shock machines In common use to
compare them with one another and with field conditions, so that unnecessary duplica-
tions may be eliminated ad more realistic tests employed. The 250 Ft-lb Shock Machine
(1), the 3 Ft-lb Vibra:lon Machine (2), and the Shock Machine for Electronic Devices (3,4, 4) 5
have been Investigate:. and reports written covering their charscteristics. The few
reports on the Mediumn-Welght High Impact Shock 'Uchines (6) and the Light-Weight
High-Impect Shock Itichines (7,8) have dealt mainly with their speeftl attributes and have
not attempted to cover their charazterisatcs over their entire operating range. Changes
In mounting arrangements and machine modifications have been made as the needs
became apparent, necessitating a reinvestigation of the machine characteriatlUs under
these new conditions.

p? This report covers an investigation of the Medium-Weight Shock Machine when
loaded and operated in accordance with the governing shock-test specifications (9, 10).
Expertmenail test runs were begun on 24 February 1950 ana s.impleted 21 August 1950.
Two prellminary letter reports covering loads, mounting arralwomenta, and instrumen-
latlU (11), and peak shock muotons (12) have been submitted to Duffhipe to expedite the
release of this information. This report now summarises all thee. data In one coherent
document.

TIE MIDIDM-WUGHT SHOCK MACHMI

The NRL Medium-Weight Shock Machine, one of the latest versions of this type, was 4
first pet into operation in the latter part of 1946. Incorporating all operatignal features
and eonveiutenee lacking in the original installation at the Engineering Experiment StA- a
tir, it includes pmmmatic table jacks, baem restraints, and 1hw quick-release mecha-
nom. Uortly after beig put Into operation, difficulty was experienced In keeping the
anvil-table hold-down bolts tiattened, despite the use of lock nuts. This trouble was

eS
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S . (Nnte the reinforcing pads welded to the Fivure Z - Hammer and anvil con-
anvil-table Stiffeners.) tact areas

remedied, ho~wever, by pinning both the nut and the lock nut to the hold-down bolt. In
October 1948. cracks -were noted in the anvil-table reinforcing webs, which bore against
the pneumatic jacks. The cracks were longer on the webs which faced the hammer.
Appprently. the anvil table often assumed a decided tilt so that the landing shocks were
absorbed by the webs striking the Jack body rather than being absorbed by the ring pads,
RepIair were made on the cracked members by welding 14 In. z 4 in. x'1/8 in. steel

pason both aides across the cracks and by welding in 8-1/2 In. x 4 in. x 1-1/4 in. stedi
pad along the bottom. About a year later, similar cracks were noted In webs which had
ntot been reinforced, the worott cracks spain being ft,%%d in the Veb.s which faced the
hamumer. Identical reinforcing pads (Figure 1) were then welded to all remaining web.s,
and the entire anvil-table assembly stress relieved.

No quantitative data are available which would permit a comnpahison of the anvil-
table stiffness before and after addition of the reinforcing peed.; the change probably wits
negligible. Addition of the steel pads to all twelve webs, however, Increased lthe anvil-
table weight. including hold-down bolts and stop ring, to 4500 lb. This additional weight
(12 percent) to the anvil table Is probably reflected in a slightly less severe chock to
equipment under test over that previously delivered.

An interesting operational feature of the machine was encotutiereid while flh4cking
onme of the experimental data. Paper targets were attached to both the hammer and
anvil surfarrs with the centers and orientatioins suitably marked to determin, the con-
tact areas. Carbon paper securcd over thp targets left prints of the oudact areas on
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* ~exch target when the hammer height was just--
,nufficient to permir tr..pact. Patterns were ob- - -
tained for standard 3-in, and 1.5-in. table.
travel blows, and for the O.75-in, table t r a v c I 4

.Alno employed in this investigation. F I g u r e 2
shows %k..t0I'-s of t hese re.ults. Apparently,
.n the initial design of the machine, the surtace.s
were adjusted to strike centrally when positioned
tor a 1.5-in.-travel blow. The center of impact Figure 3 - Record of hammc, con-
shifts toward the hammer-axis forsa 3-1n.-travel tact time-one millisecond blanking
1'ow and away form it for a 0.75-in.-travel markorq
blow; c o n s eq u e n d I y, both of the latter blows
Impart a rotational component to th'. anvil table, but in opposite directions. During a
3-in.-travel blow, te rotation causes the side of the table nearest the hammer-axis to
reach its maximum travel first; this behavior accounts for the more frequent 'oosenntg
of mutnting bolts on this side of the table. Within the limits allowed by the hold-down
bolts, the lateral contact is central for all table-travel positions.

A strain gage attached to the harmmer gave records (Figure 3) of the hammer-anvil
time of contact for the Medlum-Weight Shock Machi,.e The particular record which show.
a single putie of force lasting approximately one mililsecond was obtained under non-
standard loading conditions. but server, to demonstrate the type and duration of the impact.

LO.•D AIND MOL.nTTY. ARRANGEMENTS

* " Load weights made from a shock-mount testing apparatus (13) comprised a number of
weightswhichcouldbe bolted to either of two base pieces. A fabricated welded steel frame
with baso dimensions of 16 in. x 24 in. was used for loads below 2000 Ib; an 1870-lb steel

cuatingwithbasedimensionsof 24 In. x I
32 in. substituted as the baue member
for loads up to 4500 lb. Additional steel

• • plates could bebolted to either bass
piece so that the total weight could be
adjusted to any value within the load
capacity of the machine. Bothty eum of
loads were supportvd at the corners by
hollow, cylindrical, spool-like mounting
feet. Two typical test arrangements are

* shown '- Figures 1 and 4, and detailed
drawing., of the load components a•.,

.. , included in Appendix L
Loads approxImating 25, 50, 75, and I

100 percent of the maximum load Capacity
were chosen as values of the load param- 4
*ter. The rectangular dimensions of the
load base permitted two orientations of

.- the load with a corresponding change In
S" " mountinann conditions. The number ofr ,,. support channels was determinedfrom

STable 1 (Figure 7A of Reference 10). A
- "b - sum mary of the test conditions which pre-

.. vailed during each run iq given In Table I.

Throughout this Investigation, stand-
.11ure 4 - £•fp.'Im*aIl tvt ot"ip tfo Ruth 2 ardmountlnpiqehniques were employed

P
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as preserithod ivy the governing spccifications. Staport channels were used 1'n pairs~, hack-
to-back, spaced 3part, andl bolted together P.t the ends. The load w~a s cured by T-claRnps,
and mounting pads were. .aupplied as required. Inasmuch as the physical arrangem'nvnL of

j thie support channels affects the results somewhat, this information has been p..icc-l in
Appendix 1.

TABLE 1
Summary of Text Conditions

Bolt 1Load NO. of Sup~port-Channel Tota Weight
Run Spacing Weight support Weight on Anvil Table*
NO. (in.) (ib) Channels (Ib) (ib)

1 16 1115 4 300 1856
2 24 1115 3 225 1783
3 16 2051 6 450 30264
4 24 2051 5 375 29514
5 24 33861 a 600 4429
6 32 3386 1 51 $75 4204
7 24 4423f 10 750 5816
8 32 44236 7 525 5391

OIncludes weight of base. channels (40e lb) and Instruments (35 lb).
ia-A.udes weight of mounting pads (8Z Ib) across channels.
Includts weight of auxiliary channels (362 lbi).

ISix support channels should have been used.

RAMMER DROP AND TABLE TRAVEL

neights of hammzer drop and distance of table travel were as specified for Class A
and B equipment (9, 10), but with additional blows representing 50 percent of the height
of drop specified for Cla5 B equipment and 150 percent of that specified for Class A
equipment. Exceptions were made to these conditions whien the heights of drop were
nearly equal for the smaie table travel or when they exceeded the machine capacity. A
second departure from standard test procedure was introduced by Including blows
delivered with table travel restricted to 0.75 Inch. Following the notation employed by the
specifications, the 0. 75-In, anvil-travel blows were designated as Group IV blows sad
were identical to Group Mf blows in all other respectw. Height of hammer drop and
anvil-table travels used during each run are given in la~ble 2.

NUTRUMENTATION

Miack mtorns of the anvil-table load were measured by two pinape of lautrumilits,
each comprising on accelerometer, a velocity moter, and a mialtilrequency reed gage.
A set of bonded wire resistance strain gages, cemented to one Of the loasd-supportinge
teel, Indicated the force exerted by the load on the aaupporting channels. Positions of thQ
var iou's pickups may be seen from Figures 1 and 4. With the exception of the reed gagso,
the pickups generated an electrical signal in proportion to the characteristic they Mnass
aped. Output signals were himultaneously recorded photogr~Ically by a five-channel
cathode- rey-nacll~ograph assembly (Figure i) and by a Mirragraph system for conven-
ience of P. later electrical analysis.

I 1 1 -1110 kil
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Height or 1iammer Drop and Anvil-Tablc TravvŽi

Groupand TypeI Tf Hlfht!of Hammer Drop (Fect)_
Ta., Trael Test Run I Run 2 Run Run 4 Run 5 un 6 "ut. 7'

Group I Class A 1.00 1.00 1.50 1.50 2.00 2.00 2.50 ).50

(1-1n. table Class B 0.75 0.75 1.00 1.00 1.25 1.25 1.75 1.75 h
travel)

50%
Class B 0.38 I 0.38 0.50 0.50 0.63 0.63 0.87 0.87

Group I1 150%
Class A 3.00 3.00 3.75 3.75 5.2 4.g8 - -

(3-in. table Class A 2.00 2.00 2.50 2.50 3.50 3.25 5.50 5.50
travel)

Class B 1.25 1.25 1.75 1.75 2.25 2.25 2.75 2.75

Groups 150%
Mn and IV Class A 3.00 3.00 3.75 3.75 5.2 4.88 - -

(1.5. and,
0.75-In. Class A 2.00 2.00 2.50 2.50 3.50 3.25 5.50 5.50
table travel,
respectively) Class B 1.25 1.25 1.75 1.75 2.25 2.25 2.75 2.75

50%SI.Q•_am B 10.63 1 0,L63 0,62 10.87 1.12 1.12 fA 1.• 1_-l •

S.... S- i

,,,, -. ,-.. .... ,1. ,m 0 *... Table 3
v.~.. ,.... :Correlation ot Pickup Type and location

. -_f_..tace No. Imnetuimnt, Location

,. 9 •..... 1 Velocity Anvil Table

--... 2 Velocity Load
7_ .Meter

. _ "_ _3 Acceler- Load
*. ometer

4 Strain Mounting root
- (;uAgo

" 5 Ace:lvr- Anvil Table
SGometer

I't.rur 1 4 Typical teat rerord-% Run N
I ,.md wprht 442) 1 h.
Ie ..t .e ?I 'flIIP tr

|I

P- . 92 in



Tvpiraj o~ttl!!ýgraphlc tes9t rý,. '- -N are Fhown in Figures 0 ICacctugh 8; T'ai., :i !It:
the moessurmi;i intrument with its exporitrental location and its pu~iti'on 011 Lhi 1P.-
recurd. Traces ire numbered from the bottomn up.

Thoe recording c -.Igement did not permit a di--ct com..arisor of instautancous
signals u~ntil allovanto, were made for the displa~Ame:.ts or the time secaips for traces 2
an~d 4 (Figure 6) tnd the electrical dfilay octa~ion.ed by the low-pass filters on traces 3
and 5. These time displacements were cofr'.tant and known for a given filter, and they
were taken into consideration in establishing a time correspondence between traces.

Pickup units used during this investigation were standard types whose characteris-
tics and iimitations are well known. The velocity meter on the anvil table was an MB
type 200. mnidlfied to reduce the natural frequency to about 2. 5 cps. A Hartz Velocity
Moter measured the load velocity, since this instrument can accoaxudate a larger dis-

* placement before bottoming and is consequently more satisfactory for electrical kiialyhls.
Westinghouse quarts-crystal ac~celerometers were secured to both the anvil table and
load positions. Special precautions were observed to minimize disturbances from "cable
microphonics" by using graphite -impregnated cable" and by supporting It Independently
from the shock table. Accelerometer signulsi were limited in frequency by a 300- or a
1000-cps iow-pass filter to eliminate the high-frequency components which so ofton

* obscure the desired signals. Strain-gage elements were arranged as opposite arms of a
bridge to eliminate bending stresses from the output. Both the velocity signals and
strain-gag signals were recorded without filtration.

EQUr. AUENT SINOLE-DEGREE-OF- FREEDOM SYSTEM

For study of anticipated shock motions, the shock machine and Its load may be con-
sidured as a sinitle -degree-of- freedom system, with the configuration given by Figure 0.

The load and anvil table were denoted as
masses 1, and I,, . respectively, both

Nil channels were represented as a massless,
linear spring with stiffness * and a viscous

C damping coefficient e. As a first approxims-
K C tion, the effects of gravity were neglected.

Boundary conditions were chosen so that fthI entire system was at reot prior to t - 0, when
X1 the anvil table ur,1 "I~enly acquired a pool.

M2  ti"e (upward) velocity % . The initial accel-
eration of 0. was assumed to occur ini an

* Interval which was negligibly short c-ompeted
I ~to the natural period of the system so that 1aI could be assumed to experience a step change

In velocity.
rigoret 9 - Equivalent single -degree- The fundamental force equtitons for this

ati-freedom system system are;
-k (sr, no- c: Ore to 1, 8 ,V,

*Graphite botwee" th. shield avid the insulator And around the central condus tor of a
single-ronductor shielded table eliminated the effects uf electrical charles building up
tin In@ surface nf 0%a, risgiator.

. .. . .....
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whiCh are simultaneous, linear, differential cqualions that may be solved t-y urdim-rv
me thods. Equations oM motion for both bodies, as derived in Appendix U, Are Kiven by the
following expressions when the percent of critical damping is small:

x!m tsin wt x- 1 t + qin W•t

X V - e- X, (I + 00 dose wt]
"V "-"1 -V' "

0- t [ sin wi

X 1 wi X2~o

+ +,

where i 8, / AN3 the mass ratio,

- - percent of critical damping,

the reaction oscillation frequency, and

is is the initial velocity acquired by i2f

Representative plots of these equations are shown (Figure 10) for c/o, equal to 0.05
sad gravity neglected. Curves for anvil-table displacement and vslueity are shown for the
approzimate maximum and minimum v..ie.. of mass ratio used experimentally. Some
fundamental aspects of the shock motion are disclosed by this Idealuistic system. At t - 0
the anvil table owns all the momentum in the system and the load Is at rest. As tirme pro-
Ipsses, these bodies execute a sinusoidal interchange oi-ý iomentum at a frequency
determined by their individual manses and the channel stiffness. After an extended
period determined by the damping coefficient, they will again reach equilibrium, each
po•s.ssing a velocity of 7, / 1+w. Uf gravity is considered, a velocity equal to-a* must be
subtracted from the calculations. The two rigid bodies are 180 degrees out of phone, their
relative acceleration amplitudes being goveried by T, " t * Addition of gravity pro-
daces a negligible sero shift In these plots.

In actual practice, one of two events occurs which determines whether the motions
an as indicated. U the initial anvil-table velocity is not sufficient to cause the anvil tble
to reach Itn upper limit stops, the table rises untU it expends its initia! energy and then
falls under the influence of gravity. No new transients are Introduced until the anvil table

EEI
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/ ~when th~e anvil-table iiI-+4%il velocity !a
, sufficient to allow It to reach Its upper

abruptly reversed and a new se.. c: ti-An-

oraugment the oncillatiotifs aiready in
progress. Test parameters, L~e., anvil-
table travel, initial velocIty, natural fre-

Us LA 28 queney, and mass ratio, play t.-- impor-
tant role In dote rmiing the o'scillation phase
at reversal, and, 'therefore, the m~agnitude
of the subsequent motions. A study of the
load motions under the 'Attar conditions

N70 Is .Octremely important wror the stard-
AW3AL point of shock damage and In the analysis

ofnrcludsrmistuet such:;sth
ree gI. whic has n time-axis.

H oesmpiyn assumptionsar

t0 A Motep ofequ~itycangen bytf ~ le derived which Includes the motions
to a tep-elocty cangecaused by onT1I-1:ble reversal. These

assuming that the anvil-table velocity reverses abruptly to one half of Its striking velocity.
Although these restrictions prevent a direct comparison between theoretical and experi-
mental results, they permit an Insight into the mechanisms Involved. Asiname that the
system of Figure 91is initiated and allowed to run for a time T, at whlich time the anvil-
table velocity reveries. T1he new boundary conditions are then determined by the motions *
of the anvil table and load evaluated at -r. As shown by Appendix U, the load velocity is
described by

i, i--- (sin x) sin wt + (1 - Cos T) Cos at] +

(1 u3 i~ - T Cosn s co .Wt

A plot of this expression (Figure 11) is shown for a mwv ratio of zero with T as the varl-
able. As one would expect, the mzaximum load velocity change resilts from anvil-table
rmremal, occurring when the load has Its maximum velocity away from the anvil table
(curv 3). Under then* conditions, the magaitude, of the reversal velocity change is larger
than that cauPed by the initial hammer impact over moat of t1w reuWe and may reach a
ratio of 2. 5. In practice, however, ratios of this miss never are encosantered.

ZXPZRWFlNTAL RESULIA

Anvil-Table Velocity - General

The anvil-table velocity waveform is characterized by features which are little
affected by height of hammer drop, anvil-table travel, or load. it is a superpesition of live
umior elements, vix, the initial-velocity change owing to hamnac: impact, a local high-
frequeny vibration of 750 c~ps cauned by the anvil table vibrat~ng as aim elastic body, a
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Zr- low-frequency oscilla, -%n ro-sultirng
from reaction of the 1,.n J. the
retarding effect of grav.ty, and a A
velocity reversal if the anvil tMble..

strikes its upper limit stops. ,c'
Wte majority" of blnws the anvil tAti

0 •suffers three r.tep-velocity changes
caused by ham..r a. ý:.ct, anvil-

1 t Cc table reversal, and the final land-
k• •.o ing. which is negligibiv ccu-pared
M to the first two and usually ignored.

-.2 Relative magnitudes between ham-
me., impact and changes in anvil-
table reversal velocity depend

-3 largely on the phase 01 the reaction
1- " 3 4 5*0 conmponent at the time of reversal.

o TInitial Anvil-Table Velocity

As a result of the hammer
impact, the anvil table Is accelerated

Sfor about onemillisecond (Figure3),

0 T7 2r 37r 47r while elastic vibrations of the anW/I •. table are excited. Sinwe the time of

Figure I I - Motion of equivalent syst.rm to a hammer-anvil contact Is longer than
reversaL-step change in velocity at any titre half the natural period of the anvil
after starting table, Lhe vibration builds up so that * 4

the first pak never is am ge as
the second. Ihe amplitude of the

first peak closely approximates the center line of the subsequent elastic vibrations, so
that ". I-- tLrken as the mangntude of the initial anvilLtable-velocity step. Plots of initial
anvil-table velocity thus obtained for each experimental run are shown In Figures 12
through 19. As was noted with previous shock machines investigated, the initial anvil-
table velocity to apparently a linear function of the hammer velocity (momentum) at
Impact, and, because of the resilience of the support channels, It is Independent of tba
weight of the attached load. Slopes of these data plotted alinst hammer-impact veloeity
ranged from 0. 58 dawn to 0.49, both extremes occurrLP during medium-load runs. T
average slope of 0. 54 was taken as the most probable w*Ne for the hammer-to-anvil-
velocity transfer characteristic for channel-mounted lomads. Loads rlglldy mounted to the
avtl table will alter this factor through their Influence on anvil-table weligt. The initial
anvil-table velocity for a chanmel-supported load varied between 3.4 ft/se for the lowest
Cho 8 blow of 0. 7 ft up to 10.3 it/sec for the maximum hammer drop of S. ft. Figure
20 sohm a to mbived plot of Initial anvil-tabli velocities for all Pporllmental uirs and
the smztmum deviation from the average encountered during this invetigat•lOn.

Average Anvil-Tible Velocity

Three methods were available for evaluating the average anvil-table velocity, two
based on experimental measurements, and the third derived from theoretical consideratioes.

*The reaction oscillatioa frequency is the natural fraquency of the load oa the support
chanmels as defined by u (page 0)
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.t -. "-.-.-..'•....... Fxperlmental inethed.- s
''T~iTF~TTF(a) determination of a

*?LSI ity irom the nominal anvil. .aom
travel and the time required to

0 --' reach the upper-limit stops, it'.
__-- (b) a graphical averaging of the

anvil- table -velnc ity curve. The
theoretical method was derived by

- - - averaging the expres:,:tIon for anvil-
table velocity, including gravity,

-*oover an intestra) number of cycles
mom a: and yielded

WNUS VWLOOWY -- _ Vo.,•.,•vvo• F~m Yj +x2- :T .

Figure 20 - Initial anvil-table velocity - all runs +

The experimentally measured value
for %o was used.

Unfortunately, all three methods are subject to error and produced widely dtiergent
results. Th, frat method is probably the simplest, but reouires that the center of thA
anvil table (instrument location) execute the full amount of travel. 'his method cuwM6t-

*1y gave results too large compared to the other methods, often indicating average
velocities lareor than Initial velocities. The graphical integration methed suffers frori bot-
toming discontinuities of the velocity meter and zero shift caused by the natural frequency
of the seismic element when the integration is carried over an extended period. This
method yielded usable results by allowance for the bottoming discontinuities and applica-
tion of a correction for the meter response. Anvil-table displacement thus obtained L-om
records selected at random were less than the nominal values of 0.75, 1.5, and 3.0 inches.
Because abnormally large average velocities are obtained when nominal displacement
values are used and because of the previously mentioned off-center hammer blown, it was
Indicated that the center of the anvil Lole did not travel the full distance when reversal
occurred, but that one side of the retaining ring struck first owing to a Ulting of the table.
Under static conditions, a maximum tilt of 3.5 degrees was possible before the hold-down
bolts jammed in their guides, making the center of the anvil table 0. 75 inch lower than
the level at the hold-down bolts. This amount Is sufficient to bring the results obtained by
integration and theory into agreement. The Integrated veloc•ty record is considered most
accurate. Representative figures for average velocity, computed by the three methods,
ae given in Table 4. Correlation between the theoretical and integrated average velocities
Is best for 3-in. -travel blows because damping usually attenuates the reaction Compo-
nent to a negligible amount. These two methods are in error by about 10 percent for 0.75-
in. blows, since reversal oftei takes place during the first half-cycle whore the reaction
component is extremely large. The agreement between these latter mothods indicates that
the average anvil-table velority may be predicted with reasonable accuracy for any height
of hammer drop A, mass ratio a, and anvil-table travel. Figure 21 shows the predicted
curves for 0.38-in. travel (0.75-in. travel with maximum till) and 3-in. travel, together
with experimental averapm velocities. In general, the curves enclose thl majority of test
points and conform to general trends, although they appear to be too low for high values
of h/(0 + .)• . Here reversal occurs within the first cycle of reaction oscillation, which
invalidates the assumption that this component averages to zero.
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TASLF ItAnvil*-Tahle Di.-1lacoernen '111r Aw'ra!e %-. ,,,city

Heihnt

RunI Drop IDisplacementO T? Averag. Velocity .It/sec)

No. at) i (in.) ( ) I sT fx ,/ Thfor etir i''

23 Nominal 30 Anvil-Table Travel

! 3.0 2.39 36.0 6.95 5.53 5.54

: 1 5.20
2 3.0 -. 42 35.0 ] 7.15 5075 5.54
4 3.75 2.46 38.0 6.57 5.39 4.99

Nominal 1.5" Anvil-Table Travel

1 3.0 1.26 18.0 6.95 5.83 6.19
2 1.25 1.23 27.0 4.63 3.79 4.11
3 3.75 1.25 18.5 6.76 5.63 5.90
4 3.75 1.21 18.1 6:90 5.57 5.93
5 5.2 1.10 18.5 6.75 4.95 5. 2.

Nominal 0.75" Anvil-Table Travel

0.67.2 8.08 12.32 50
2 .27.3 8.55 5.94 6.653 3.75 0.54 6.8 9,20 6.61 7.01

3.75 0.40 6.2 10.1 5.37 5.555 3..5 0. 52 1 0.7 1 5.84. 4.05 5-05

* lntegration of anvil-table velocity record w Al
t Time for table reversal.

; Nominal anvil-table travel distance (inches).

I + 2

I Anvil-Table Revesral Velocity
too~- WhentMe anvil table has risen to Ito

upper limit stops, its motion in suddenly
arrested and it rebounds downward with
a new velocity which to determined by the
coefficient of retiuto andthestrkin
velocity. On the test records, reversal
Is Indicated by a step in the anvil-table

I .- - .- -velocity trace. which is distinguishable
from motor-bottom-i'g discontinuities byIts sharper break and lesser slope. A

... sharp peak appears on the anvil-table-
i- tacceleration trace st the same time.

*- Despite the fact that meter-bottomlng die-
. • i * continuities and the ro.orlsi turres on

_____ Ot • ,• t@ . tIthe seismic element m~ake determination

~ of anvil-table velocity at the moment of
Irtgurr 41i - "rvedeted avrraole anvil-tabit Impact Impractical, the reversal step is

,Irnc•tv Ior rhspv#|-n,,t-d toad. accuratcly dtkplayed on the re'ord.

•to 'W*

i
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r Figure 22 Varition of anvii-bble reversal velocity
with phase *nole of reaction osciliation

-1gure 22 show, the magnitude of the reversal velocity change, relive to Iittial aB;.
- table velocity, plotted as a function of the reaction-oscillation phase at reversal. Scatter

is quite evident between blow. with Identical test conditions and between runs on differeat
load weights. On the venrage, however, points which lie In the vicinity of & whole number
of cycles are noticeably larger Man those which occur near the alternate half-eyele, S

a Thi Is to be expected, since the anvil table has its greatest velocity at Interal cycles
I •safter impat and, consequently, should experience the greateat velocity chante at the.

times. The reversal velocity chamng averages 1.3 times the Initial anvil-labli velocity
in the mlghborhood of the first peak sd about 1.15 on the second peak. Th remaining
prat avivrai unity or less. Flgured on a velocity-chanp basis, the shock Is greater for
revrl Uis for initial lammer Impact If anvil-table reversal ocicrs at or sear the end
of either the first or second cycle of oscllation. The slope of the reversal step is less
Mep thean t eased by hammer Impact and alleates this secondary shock to some
sxet; these effects will be better borne out by study o the reversal acceleration.
fe c_ o- the exist ece of this attribute led to adoption of the two anvil-teble travels
specified as stan test procedure. f the secondary shock is severe for one distance
of tabs travel, it will probably be proportioally less severe for the alternate travel.
=ldi64 a series of 0. 75-in. -travel blows further reduces the possibility of equipment 5
reesft aloen-l secondary shocks for both presently prescribed travel disbutces.
requaecy valitio between Identical types of equipment orioderstely different weight

are compesated In this mamnser, so that neither In Iadvertently discriminmted aspat,
Iecas the eombnitlon of Its weight, channel stiffness, and rise time happen to remlt
tn a sewn secoedary shock blow.

Lad velocity - Oeneral

The Mad-vwelity waveform, as shown by the typical teat records, is nearly sauesol-
it chaaciter ad exhibits some of th step discontinulties or hlgh-frequmecy vlbrations

Upr:ese - the anvil table, because of the low-p•ss filter action of the suwort channels
* which act as spring. M Jauns velocity Is reached during the first half-cycle of reaction

oscillatIon; Psaqeent peaks are alternated as a result of damping. If the anvil table does
Sot strike Its upper limit stops, the load motion decays to a neglible value In 10 to 12
. Cycles. lNoaer, a8til-table reversals Impose a new set of trazleets which may nullify

or scent the motions already under way, depending upon their phase when reversal
Soccurs. It ti entirely possible for reversal to cause a greeter velority change tien that

1

. . . . ..
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retijiting 1rmm harm eCr impact, which con: ,,qmisntly tib)lict-4 (QiI It1114 t.k .At'. kiw

Peak- Load Velocity

The peak velocity attained by the load w-as c,. :.tc.. from the amplitude of the first
peak, the larrest in every case. Data for cQCh oU 1'" eight :xperimental runs ,were
plotted against hammer-Impact velocity, together r W the initi•i anvil-table velocity
(Figures 12 through 10). Point symbols denote the dil "-Jrent 2nvil-tsble travels. As with
Initial anvil-table velocity, these curves are apparenatly str;lz-it lines passing through
the orgiglo and Indicating a linear relationship with the hammer-impact velocity. In con-
trast to the initial anvil-table velocity, however, the slopes of these latter curves varied
from 1.08 for the lightest load to 0. 60 for the heaviest load; conjugate rvns, the same
load with different spacing, were nearly the same. Variations in peak-load velocity an
a function of the load weight for representative heights of hammer drop are shown in S
Figure 23. These curves were computed from the slopes of the load-velocity versus

hammer- Impact-vejocity curves, since the
same •eights of hammer drop were seldom
employed In more than two runs. Class A tests
produced peak-load velocities ranging from 8.3
ft/sec for a Group I blow to 11. 5 ft/sec for

s.. • either a Group H, M!, or IV blow, although
corresponding groups yielded 5. 9 and U. I fit/sec
load velocities for a Class B test. The above
figures are averaged for the eight experimental
runs; individual readings varied by approxi-
mately -9 percent. In general, heavier loads
showed smaller peak velocities. * *

-H1 Load Velocity Resulting From Table Reversal

oL--.-I An a result of anvil-table reversal, the
O WW-LS load experiences an additional shock which it

added to the motions already under way. it
reversal occurs at a time when thc load has Itsm

Figure Z1 - Peak-load velocity vs. maximum valocity on odd half-cycles, the pefk
load Wei sht velocity, aftft' reversal, may be twice as lag

as the peak caused by hammer impact. Reverbal
velocity changes of the load derea@e from this

maximum as the phase angle departs from the odd half-eycles and become a minimum CM
even half-cycles, despite the fact that the anvil-table reversal step is largst at this
point. Fioure 11 shows the dependence of load-reversal velocity with phase angle for an
ideal came under the conditions stated earlier. In the practical case, damping reduces
the amplitude of the oscillating component and consequently causes tie maximum aever-
sal velocities to become leas as the time to reversal in increased. FIgure 24 shows a
plot of the ratio of reversal twd velocity to initial peak-load velocity, plotted as a func-
tion of the phase angle at reversal and shows the magnitude of the srarlations. For rever-
sals which occur at the rirst load-velocity peak, the velocity change Is twice as great as
the initial velocity, if It occurs on the load-velocity minimum a half-cycle later, the ratio
Is only 0.5, a spread of 4 to 1. Succesive pcak-to-trough ratios become slightly less
and are down to approximately 3 to I on the fourth cycle. Effects of phasing are clearly
shown by tht- pi.t 2n. a change of only eiglht milliseconds (1/2 cycle at 65 cps) In rise
time may ,han•e the load-reversal velocity by a factor of four.

3@

,I I I i I I I II I I Ii I I II
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Filure Z4 . Variation of load.reversal velocity with
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AavU-Tsbis A¢ceisrstton - Genertl

Acceisrmtloa O•IUd8 H/N} pallmed I•,ou• either a 300. or lO00-ql low-pium furor
before bel• recorded; the lO00-cps tilter lmi used predomlnutly. These filtpra removed
seeelorometer rmmInCeo ud the hiilher vibratory modes on the uvil t•bis vhLch
otmeure the riled body moticrdl, q•o principal frequency present In the 1000-cpe-fliter
reoot•is Is 8bout ?60 elm, Jmcl It tppenl• Immediately after hammer Imlmet sad persists for
$ to $ cycles. Anvll-'•bis veloeft7 records show the Leo vibrsUon. Aeeeisrstloa €om-
pONII of hilh-frequeney ire IeNratly not noUc•blo on the load. Roeords for tht 300-
qI filter iIhow I • form eoMidlrably different since tim princfipml f.a•qul•cy of the
S/ mli|•I |tI IIJIIbILfld r•OIl, H01"O, th0 itart• tl'aJfllisIst lllUI • rodlIeld Ill
I•l• sad q•roid out nlq ItI • llno, a €o•Uon cha•rsctoristlc ot • filter o•ltid
b7 Imisoe au4mee pertcdI sro shortor thIa tho cutoff l•rtod.

SAJn•l-'L•blo Accolorstlon

b H ImMLI.taldo Icoolorotlon occurn• ImmocUatoly m-qor tho lunmmor S for
Stho I•- aund ACK)0-ClI flltor roeordi, Idthcmsh the mI&adtudoo wore €•dorn•bly €llffea•
Flpren lI thrOqtl It ohow •I@ peak meuuromontI plotted •'et hImmor-tmpect
TelocltT. AI wl• imNmurofnonis of Invil-htblo Tel•l•, • •rvoi m •• lime
PellUI8 thlPoqlh t/M orlgUI ud •W oIaontUtUF the rime slope for all otIht •q•rli•elal
riM. • II IliOmJ • €ombined plot of thoN dtll for Idl runI ud both flRerI. P•k
8•i • • J• for • lmot C•a B blow of O. 76 it up to • (I •

M IPmVtty| for •o r•xtmum height blow of 6.6 ft vlth at I¢O•-LTo filter. •r•
na=,•im•, utn• • •-•l filter, ytolded acceloratlonI la the 1•u4• of 80 to •.

Tim • of IavU.tIldo leeelerttloe to •elaht of elImtel.mountod load Is
IcAOd bore, u It I for InlUId evil.tibia velocity, dad provldeos mutuldehoek of
"--'-----•..•--•. .4amunU• that the initial mceololq•tlon IS it haU.olne ImlH, It my Uml
be mMqrre• for tho t•€loesd am and eo•lmrod to the meuured initial eavtl-etblo
•locity ebmlo. TI•

:"1, - ,/- ".•'" ".•'•' .in .e ,, - ,..
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Figure ZS - Peak anvil-table and load Figure 26 - Peak anvil-table and load
acceleration -Run I acceleration - Run 2
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Figture V 7 Peak anvil-tablo, and toad Figure 28 . Peak anvitldablt and load
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Figure 33 - Peak anvil-table accleratton - all runs

From Figures 20 and 33, initial anvil-table velocity and peak anvil-table acceleration

are obtained for any specified height blow; for Instance, at 10 ft/sec impact Velocity

Si10A md a S.4 ft/sez.

Using this acceleration value, the computed velocity becomes

2 1 t " / 2&u - 4.24 ft/see,

which Is of the same order of magnitude u the meatured value of 6.4 ft/sec. If AUow-
awe is made for the filter-tranmission characteristic (1.4 ,percent at 750 cps), a calcu-
lated value for anvil-table velocity of 6. 05 ft/sec is obtained. This Is in good agreement
with the value obtained.

Anvil-Table Reversal Acceleration

A negative acceleration pulse appears on the anvil-table acceleration trace as a
result of its Impact with the upper limit stops. In general, the reversal acceleration is a
single pulse as contrasted to the damped vibration of the initial acceleration; I.e., no
table vibratory modes are exc!ted to any measureahle extent. Differences between
response to these two impact types may be attributed to the different mechanisms Involved in
starting and stopping the anvil table. Stopping forces are taken by the limit -ring and table
bolts and are spread out over a considerably lonpgr time than hammer Impacts. Tilting
of the anvil table probably contributes, since the few bolts which first take the strain are
more resilient than a direct hammer-anvil collision.
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Phase ang.e of the reaction oscillation at table reversal is relatively unimportant in th"s
"instance because the amplitude of the react'on component is small compared to the startunz
peak acceleration. The reversal acceleration depends mostly on the mag*itude of the
velocity change and the time required to execute It. Although the velocity change was shown
to be dependent on phase angle, the time element is affected by the resilience of the stop-
ping bolts. vn extremely random event because of the tilt at the tite of reversal. Anvil-
table reversal usually requires 2 to 4 milliseconds; Figure 34 shows the ratio of rveroal
rn pean acceleration plotted against phase angle. Except for the one series of higher than
average values near the first cycle, the points indicate considerable scatter throughout
the entire range with no pronounced trends attrlbutable to phase angle. On theaverage, the
ratio of reversal to peak acceleration drops from 0.6 during the first cycle to approximately
0.3 for the fifth.

RdX &Mj V AW4-WAt WL@@TT Y St VESS

Figure 34 - Variation of anvoC-table reversal velocity
with phase angle of reaction oscillation

Load Acceleration - General I
lagBot the 300-cps and lO00-cps low-pass filters were employed In the circuit record

load accelerations, although the percentage of higher order frequencies was almost
negligibly small bocause of isolation afforded by the support channels. Consequently,
load-acceleration waveforms obtained by either filter are nearly identical, and for the
lighter loads and hammer blows they are approximately sinusoidal. As the load and
hammer height are Increased, amplitude distortion becomes more noticeable owing to
noalinearlties in the support channels. These manifest themselves as a change in fre-
quency between pos!tive and negative halves of one cycle of reaction oscillation, positive
peaks occurring at a higher frequency and possessing a larger xnplitude than negative

i •peaks.

- •Peak-Load Acceleration

The peak acceleration caused by hammer impact occurs during the first half-cycle
of oscillation: peaks which follow, except for reversal are attenuated by damping. Plots
of peak-load acceleration are Included in Figures 25 through 32. A single curve denotes
the results obtained with both filters. It is observed again that peak-load accelerations
are linearly related to the hammer-impact velocity and are somewhat dependent on load
and bolt spacing. Table 5 presents a summary of the peak-load accelerations measured
for the maximum and minimum height blows specified for both Class A and B tests.

Peak-load acceleratIonsj ranged between 60g and O6g for the minimum heig.ht and
between 78g and 144g for the maximum height blows scheduled for Class A tests. Higher|I
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accelerations were associated with the heavier load weights. Class B tests showed peak S
accelerations averaging about 80 petrcent as large as Class A blows.

TABLE 5
Load Acceleration for Cls2ss A and P Tests (300- or 1000-cpu low-pass filters)

Peak- Lmod Acceleration (units of gravity)

Bolt Class A Class B
Run Spacing
No. (in.) Group I Groups 1f, IMI, and IV Group I Groups 17, Mn, and IV

I 16 63 R5 54 70
2 24 66 92 57 *13
3 16 60 76 49 65
4 24 73 95 60 80
5 24 74 98 58 79
6 32 96 124 77 102
7 24 70 104 59 '7i
S 32 96 144 81 102

Figure 35 shows the range of load a-celeratitn caused by uiawnmer Impact, possibly
expected for a Class A test using the three tinIt-.:pacing dimensions employee in thfs
investigation. The 24-inch spacing was the unI: one for which data were obtained for all
loads, and this fact indicates that, if the speAifled number of support channsls are used,
peak-load accelerations remain relatively independent of load weight. For the same load
weight, but with a different number of channels, the 32-inch spacing yields somewhat larger
load accelerations and the 16-Lnch spacing produces lesser accelerations. p

Load Accelerstion after Table Reversal

When the anvil table reverses, the phase of reaction oscillation is relativeiyi impor-
tant, and could cause velocity changes on the load which are larger than those attributed to
biitial hammer impact. Since the acceleration of the load is essentially the differentlaltion of
the principal frequency occurrihg in the velocity record, effects of table reversal will be
similar. Figure 36 shows how the phase angie affects the load-acceleration magnitude affpr
tab!* reversal. Peaks are centered around the integral tz.f-cycles and reach values (rato
of acceleration to initial peak-load acceleration) averaging about 1.2 for the first half-cycle
and .0Oor less after the third half-cycle. A minimum of about 0, 3 occurs on the whole cycles.

a , . .M a

Figure 35- L~o*4 acceleration range Fiure 36 - Variation of load-reversal acceleeration
for Class A tevt% with phase angle of reaction oscillation

__ A
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Load FrfE;quency

For the lighter !oads and lower hammer droos, the waveforms of velocity atad jr)
acceleratior on both the anvil table and i.oad are nearly sinusoidal. However, as the load
and/or hammner drop are increased. the waveforms become progressively more dis-
torted, and the frequency gradually decreses as the load motion becomes less violent.
Frequency variations and wavenhape distortion can be attributed to nonlinearities and to
a direction sensitivity in the support c.hannels. Th.e latter Is caused by a change in end
conditions with dire,*tIon of deflection. When the support channels are being deflected
toward the anvil table (posiUve load acceleration), they deflect beyond the Inner edges
of the base channels; for deflection awa7 from the anvil table they pivot around the outer
edges of the base channels. Besides a shortening of effective length with dc.wnward
deflection, end conditions change from a hinge-type pivot to a clamped-end condition, which
in considerably stiffer. In determining the load-reaction frequency, at least three and

preferably four cycles were included in the count. Frequencies listed for each run are
then the average of all frequency measurements for a given run and represent the most
probable value which can be assigned to this quantity (Table 6).

TABLE 6
Average Reaction Frequency

Number Bolt Load Averag
of Spacing Weight Frequency

Ru, n No. Channels (in.) (lb) (cps)

1 4 16 1115 65.6
2 3 24 1115 71.4
3 8 15 2051 55.4 O
4i 5 24 2051 67.5i_ 5 a 24 3385 05. 6

6 5 32 3386 68.1
7 10 24 4423 70.6
_ 7 32 I 4423 07.7

Reed-Olage Data

flod-gage records have been analyzed and an additional r'sort will be prepared and
submittid in the near future.

"Correlation between Theoretical and Experimental Results 6

The waveforms obtained experimsntally are in good ase~ment with the idealisod
%, curves of Fiure 10 when allowances are made for gravity effects and errors introduced

over extended periods of time by the velocity-meter seismic element. The shock
delivered to the anvil table can then be adequately described as an impulsive type. charac-
tersied by a step-velocity change. Correlation was gocd between expertmertel and
theoretical methods of computing average anvil-table velocity. A second example is 0
given in Table 7 by comparing mass ratio with dead-weight measurements and from the
experimental data. If damping Is neglected during the first halt-cycle of reaction oscil-
lation, the maximum and minimum anvil veludty evaluated from the expression derived
in Appendix 11 becomes

&

, t i l l li l . ,. . .
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from which X - wi
;2002oe + gion

In da rminit the weight@ which make up tither muse, one half the weight of t,
supporting channels 4's added to the load and one half to the table.

TABLE 7
Comparison of Mass Ratio D

Total Load Cslcuiated Experimental
Run No. Wt (lb) Anyil-Table Wt (lb) M Rss Ratio Mass Ratio

1 1265 5093 0.25 0.26
2 1223 5058 0.24 0.213 2358 5616 0.46 0.53 I
4 21320 5130 0. 45 0.40

a 3986 5143 0. ?0 0. 73
s 3573 5130 0. 70 0. 73

7 4798 5318 0.90 0.89
a 46865 5, 06 0.90 0. $9

Figures gen s experimental data were the average of the twenty-odd blow* struck

dtirq• e,-sh of the test runs; InlvituaI figures varied b. ua much an 10 pe'eent frm
the average. Techniques employed in determining the minimum velocity follow those
meo.tioned earlier as an average line was drawn through the anvil-table vibrations.

Correlation between theory and experiment for load velocities Is not as good as
might be expected, because nonlinearities and direction sensitivities In the supportig
channels are not accounted for in the theoretWcl treatment. In addition, no allowance
was made for components owing to the Initial static-chr•nel deflection. Thus the peak
theoretical load velocity is

Ni-. 2

when gravity and damping are omitted. Table 8 give, the correlation between methods
and indicates that the experimentil data conslstently ran higher than computed figures;
the difference Is greatest for the lightar loads, decreasing with an increase in mass
ratio. In a similar manner, the peak load acceleration may be computed us

-e I

Here, UWe error between results (Table 8) is considerably grttcr, as ml•ght be e.t'xcted.
!or a higher order function.

IS
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Conmparison of Experimental and Theoretical Risults

- - Peak Load VI locity Peak Load Acceleration

It me 2 max ~
v,- Per- v e Per-

Run MashFrequency I ce-It cent S
No. Ratioj (cps) Experimental rrheoretical Error Experimental Theoretical Error

1 025 65.6 1.91 1.60 16.2 14.4 10.2 29.2
2 0.2i 71.4 2.00 1.61 19.5 15.0 11.2 25.3
ii 0.46 55,4 1.67 1.37 17.6 11.5 7.4 35.7
4 0.45 57.5 1.74 1.38 20.3 13.9 7.7 44.6
5 0.70 65.5 1.30 1.17 10.0 12.0 7.5 37.4 S
6 0.70 68.1 1.3C 1.17 10.0 15.7 7.8 50.3
7 0.90 70.6 1.17 1.05 10.3 10.4 7.2 30.8
8 0.90 67.7 1.11 1.05 5.4 14.3 7.0 57.0

As can be seen from the foregoing discussions, channel stiffness plays an extremely
Importz.at part in thos determination of peak-load acceleratior.ns. With the instrumentation •
used during this investigation, chanzrel stiffness was not a directly measurable quantity,
but two methods are available for evaluating it indirectly from the recorded data. Method I
makes use of the expression derived in Appendix U for frequency of oscillation, which,
when rearranged, becomes

SIt + &S ' i +2 *s '

and Method 11 utilizes the measurement of peak positive load acceleration in theS~ expression

i 4jI(1 + .) MON

Table 9 lists channel-stiffness values computed by both .nethc'Is.

TABLE 9
Computed Values for Channel Stiffness

Bolt Stiffness 5
Run No. of Spacing Frequency (10' lb/ft/channel
No. Channels (in.) (cps) Method I Method IF

1 4 16 65.6 1.34 2.59
2 3 24 71.4 2.05 3.73

3 6 16 55.4 1.01 2.35
4 5 24 o7.5 1.23 4.06
5 8 24 65.5 1.42 3.65
6 5 32 68.1 2.30 9.1b
7 10 24 70.6 1.54 2.94
S 7 32 67.7 1 1.06 38.10
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A plot o! theso data against load-bolt 34pa_•.rg is given in rigure 37, tugtil~er with t.ve
calculated stiffness of a simple-ended beam. In general. Method I yields stif.ncsses
which are less tfan the calculated qtiffness of the simple beam, but Method II data are
a!l greater.

S--The coefflcient of critical damping
I ~ Iivaries widely between consecutive peaks

tI- of the same blow and between identical ham- p10 i wj4-.A merblows. Ingeneral, it becomes larger as

Z' &- <i21 the amplitude dces*,this indicatesL i =. _! i I a larger percentage of friction damping.

S------"---tt4 jj' The methods of securing the load on the
-- .edium-Weight Shock Machine in speci-

- -fcation shock tests make it likely that
damping in the order of 4 to 5 percent of

I LE . . - critical may be expected.

L -_o • _ The Medium-Weight Shock Machine
has been used since 1943 to determin. .. e

0 resistance of naval shipboard equipmentto shock damagle. units w be shock tested
LOAD BOLT SPAGWBIN. are secured to standard mounting adapters

Figure 37 -Computed channel stiffness to simulate the stiffness of their founda-
3 metions aboard ship in" are then subjected

to a series of shock blown, the magnitude
of which is governed principally by their S

weight. T1-ils study was made to ascertain the magnitude, frequencies, and general char-
acteristics of the shock delivered by this machine under standard operating conditions.
Data taken are then compared with shock data obtained aboard ship under actual combat
conditions and will "erv' aRs a hlsts for comparing the performance of other shock ma-
chines of similar type.

Dead-weight loads, ranging throuqhout the capacity of the machine, were mounted
according to specifications and subjected to a series of blows corresponding to the mag-
nitudes given Class A and B equipments. in addition to the standard test procedure,
blown equivalent to 50 percent of Class B and 150 pe;rent of Class A blows were
delivered, and a third table-travel distance of 0.75 inc was included.

Measurements were made on the load and at the ceriter of the anvil table by two
groups of instruments, each group including an accelerometer, a velocity meter, and a t
multifrequency red gage. Output signals were recorded as a function of time by standard
cathode-ray-oscilllographic techniques and simultaneously by a multichannel Mirragraph
system.

Peak values of initial anvil-table velocity and table acceleration are linearly related
to hammer-impact velocity and are Independent of the weight of the channel-mounted
load. Values rang:.ng up to 10.3 ft/sec and 580g, (1000-cps filter) were measured on the
anvil table for the maximum hammer drop of 5. 5 ft. Two principal frequencies were
encountered on the anvil table-a 750-cps component caused by elastic vibrations in the
table excited by the hammer blow and a lower frequency of approximately 65 cps attrib-
uted to the reaction of the relatively flexibly mounted load. Peak values of load velocity
and :,rreleratlion are also linearly related to hammer-impAct velocity, but arc dependent
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on load weight. Mabziwum values which might be expected for a typic'Ll Class A test are
11. 5 it/sec for velnoity and between RAg avd 144g for acceleration, becoming larger for
the heavier loads. The principal frequency averaged around 65 cps.

It ts sh.oym mathematically that the 3anvi table and its load could be approximated to
a fair degree of accuracy by a single-degree-of-freedom system of two coupled masses.
On the tasis of these derived equations, representative -- hes of mass ratio, damping,
and channel stiffness were cowputed.
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APPENDIX I
Descriptive Details of Mounting Arrangements

The following comments on the methods used in arranging the support channels for
this investigation are not intended to Imply that these methods are preferr-d. Detailed
drawings of the load apparatus are shown in Figures 38 through 41.

Run I - Four car-building channels were required, one pair of which was located along
each load-bolt lIne. The load feet rested on 7 in. x 9 in. x I in. steel plates which span-
ned both channels of a pair.

Run 2 - Three car-building channels were required. One pair, consisting of one standard
* and one car-building ch~mmel, was located along each load-bolt line. The luad feet rested

on 7 In. x 9 In. x I in. steel pads (Figure 4).

Run 3 - Six car-building channels wero required. Two pairs of channels, each consist-
Ing of one car-building and one standard channel, were arranged along each bolt Jlie.
The load feet ref-ted at the center of 8 in. x 14 in. x I In. steel platen whi1h n•,,nd the
two pairs of channels. Distance between the center lines of pairs of channels along one
bolt line was 8-3/4 inches.

Run 4 - Five car-building channels were required. One pair of channels, consisting of
one car-building and one standard channel, and a second pair of channels, comprising
two standard channels, were located along each load-bolt line. As before, the center *
spacing between adjacent pairs of channels was 8-3/4 inches, and the load rested on 6 in.
x 14 in. x I in. steel pads which spanned the two pairs. The channel pair comprising the r
two standard channels was placed inboard of the'bolt line.

I Run 5 - Eight car-buildin, channels were required. Four pairs were located at approxi-
mately equal intervals along the entire length of the base channels. Across the top and
at right angles to these, were bolted two pairs of 6 in. x 15.5 lb auxiliary channels.
Rough-cut 1/2- and 5/8-in. -thick steel plates welded to the upper flanges maintained the
spacing between channel members and served as pads for the load feet and connecting
bolts, Spacers were also welded into the ends of these rha.a-els.

Run 6 - Five car-building chamls were required. A total of three pairs of channeu
were used. One pair of car-building channels was placed under the center of the load.
The rentaining two pairs, each composed of one standard and one car-building channel,
were positioned outboard to yield a support-channel spacing of approximately 21 Inches.
The auxiliary channels were again used to mount the load. However, to minimise the
time for changes in the test setur required by the different bolt spacing, the load was

V mounted off-center with respect to the auxiliary channels and utilized some of the previ-
ously located pads. Only four additional plates which could be inetalled without disturb-
Ing any of the existing prates, were welded to the flanges; two for the Iced feet and two
for the center pair of supporting channels. The slight unbalance caused by the asym-
metry of the auxiliary channels was compensated by shifting the load.

Run 7 - Ten car-building channels were required. Chronologically this run was made
Immediately following Run 5 to minimize dismantlIng. The four pairs of channels used

29
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in thiq forme'r run were kept intact In their previous positions; two palr of channeIL
CoG-orising two standard channels each were ir.italled under the center of the load.
Additional attachment plates were welded to the upper flang of the auxiliary ch.annels
to secure them. Car-building channels would have been preferred for the adklidonai
channels, but thlev were not available.

Run 8 - Seven car-buildirn, channels were required. The off-center arrangement o* the
auxiliary channels used during Run 6 %as employed again here. Two pairs of car-build-
ing channels and two pairs, consisting oa one car-building and one standard channel,
were located under the auxiliary channel.n with appro-imately equal spacing. The pairs
containtng the standard channels were placed outboard.
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APPENDIX U

Derivation of Equations of Motion

The equations of motion for a single-degree-of-freedom system of two coupled
masses with viscous deamping are derived from the force equations. The force equations

for this system are given "•y

-M, A- -k (X,,- 1 ) -e ( -1- )1) 0
and

T ýk (x. -r k ) + c (w, - X$) = ,j (2)

where k Is the spring constant, assumed

me These equations are second degree, almul-
tancous differential equations with constant
coefficients. Assumptions are made that (a)

the spring is linearand massless, (b) damp.
- inlg is viscous, and (c) the effects of gravity

can be neglected. Boundary conditions are

chosen so that the entire system is at rest •
Fiigure 42 Equivalent single-deirat- prior to t - u and at t - 0 the lower mass

.of-freedom system suddenly acquires a velocity V, . ExpressedrI renhematically these become

i . X, a z, . , - -

Rhsorting to the place Transformation and subetltutiln in the bouAdary conditions,
thete equations become

(8,,' *+ p 4 ), - (c, * k) If, - ,V. (3)

(cp• + k) 12 - (I, p' +. + k) 1, o 0 (4)

Solving this pair of simultamous equations for 7l yields

! ,~2 cv[ I 5V 2 P + a p. 7

S'S
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where A 1 1 ,02 andv = I, + ,

The nature of the solution for the inverse transformatibn depends upon the form of

icV
1  4kv

the roots of the quadratic in the denomi ator, i. e., the relatifc values of - _ and 4

When ---- - , the case for critical damping, the resulting motion of 91 is nonoscil-
c; I A V

Latory and reaches its final value in a minimum of time, For - 2 > 4 -, the roots

are rea1, and the motion remains nonosciliatory, althougi tUe final value is reached at
a somewhat later time. This is the overdamped !:ase. The remaining solution is of Inter-

CI2 kv
est to this problem and occurs when - 4- . yielding Imaginary roots to the

iperational quadratic. In this event, the motion is oscillatory around its final value,
decaying in an exponential manner as dettermined by the pcrcent of critical damping. The
expression for X then becomes 4

(p2 Y),4
"P2  ] +

where y CV and • (4kv " C
2- 2 

2 (6)
21L 2

The inverse transformation i1 is then

W " 3 t -;" L - ! ( s in & t) *,' Yt' ( 7).

In Whis for= the expression for t:e load displacement is obscure and difficult to interpret.

DY expressing the damping a a percentage of the critical damping, e*. o 1 M t
iV 7

Irterrelation of the components is more clearly seen. m

6A

+ !:. -71G.2

where s 9-I/, and w " •

For snail percentags of dampint, c/c less than 10% for Instance, I - is apprc€l.
matelv unity, and for all practical puroses the load diaplacement becomes

Stlrepalsve differentla ttlr yields expressions for the h.ad velocity and accplpr.atlon -
gii ven by

II
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V.2i w --- cat) w (10)
+ C,

w) t + 2 ct wt (11)" " •+ "L\ 2; •

Theme simplify to

V.V,]
,- ( " $in (d (13)

when the damping Is small. The presence of the terms which have been omitted In the
lst e¢promaions Changes the phase and amplitude of the oscillation to a negligible ex-
tant when the damping is kept small.

EVweosstonh for the anvil-table motion ae obtainable by poing back to the original
squations (1 and 2). Adding these yields

s 2 + f. - 0. (14)

from which

12~ %in- *Aw~ o we n (16)
+ I

2 + c n w I

%*. I.. .. n• I)I

1+. jt "','AJ %. (17)

i: I+ ,0

the conist of integration being determined from the boundary conditions.

To determine the motions involved as a result of anvil-table reversal, it Is simplest
to neltect both dsamping and gravity and to assume that the coefficient of restitution is0.S.

Let the time of reversal be represented by
S(13)

SI

Stp



then the bouWary condltions for the new problem can be evaluated from FquationS,
#12). (13), (16%,, and (17), remembering that the new anvyl-table velocity change becomes 5

= , =(19) -
x• -o5"•It - /w,

Usogn Equations (1), and (2), butwith c ,. and goingthringh a similar method of solu-
tion, the load velocity becomes

-•--. [(min ) sin .t 4 (1 - co* ) coo wt] +

V* r a 3.
A1 - coo mit) (20)

(1+ )' 2
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